because the substrates previously adopted are either metal or semiconductor with substantial surfaces states, typically Rashba states are overwhelmed by the large number of spindegenerated substrate states at the same energy window, so that the desired transport of Rashbastate carriers cannot be isolated from the substrate carrier contribution, hindering their practical applications.
The effort of overcoming this limitation therefore needs to be directed to tuning the relative energy positioning between the Rashba bands and the substrate bands, in such a way that Rashba bands have significant spin splitting from the strong interaction with the substrate, while they stay separated from the substrate bands in energy. The ideal case is that the Rashba bands are completely situated inside the band gap of the substrate, so that the pure transport contributed by only Rashba states can be obtained. To the best of our knowledge, such ideal Rashba states were only realized on Te-terminated surface of BiTeX (X = I, Br and Cl) 18, 19 . In this Letter, using density functional theory (DFT) calculations, we demonstrate a new approach to realize ideal Rashba states in a hybrid system [Au/InSe(0001)] of Au one monolayer film deposition on a completely different type of substrate, that is, layered large band-gap semiconductor β-InSe(0001), which is a naturally saturated surface without any dangling bonds as encountered in conventional semiconductor surfaces. We show that the separation between Rashba bands and substrate bands can be further tuned via strain exerted on the substrate. We show potential application of our system for spin-field transistor by quantum transport calculation.
Our DFT calculations are carried out with projector augment wave pseudopotential 20 Figure S1 in Supporting Information), which is very close to the bulk experimental value of 1.35 eV 25 . The apparent absence of surface bands in the band gap due to the saturated layered structure of InSe(0001) is also verified from the calculated band structure. Besides, we notice that Au ultrathin films [26] [27] [28] including one monolayer thickness on InSe(0001) were successfully grown in experiment and intensively studied in photovoltaics due to the formation of abrupt Schottky interface between Au overlayer and InSe(0001), which makes our study of Au/InSe(0001) in the context of Rashba states even more relevant to experimental feasibility.
The atomic structure of Au/InSe(0001) is shown in Fig. 1 Previous DFT and tight-binding calculations 25, 30 reported that the VBM of InSe is composed of the bonding state by p z orbitals of Se and In, and the CBM is composed of antibonding state by s and p z orbital of Se and s orbital of In. Moreover, with increasing compressive strain the energy levels of the VBM bonding state and CBM antibonding state will become lower and higher, respectively, due to decreased In-Se distance and thereby increased overlap integral between these orbitals compared with the strain-free case. This trend will be reversed under increasing tensile strain, which causes increased In-Se distance and thereby decreased overlap integral. Therefore, it is observed from our band structure results that InSe(0001) band gap increases under compressive strain and decreases under tensile strain.
Besides, the interlayer Au-Se distance keeps increasing under compressive strain and decreasing under tensile strain ( Fig. S3 ), Au onsite energy hence should be raised and lowered under compressive and tensile strains, respectively. Consequently, the Rashba bands are lifted higher under compressive strain and lower under tensile strain. Combining the three trends for VBM, CBM and Rashba bands together, it becomes clear that we can further isolate the Rashba bands from InSe(0001) with compressive strain but the opposite with tensile strain.
Because of the larger separation of the Rashba bands from VBM on -1.2% strained substrate than on strain-free case, we choose the -1.2% strained substrate with lattice constant a of 4.00 Å in all the following results. We have identified the asymmetric potential responsible for the Rashba spin splitting and the nonzero Rashba parameter α ∝ ∫ ( )/ 31 . The inplane averaged potential along the stacking direction z:
, where A is the surface area, is shown in Fig. 3(a) . The red dashed box highlights the region of Au and the first layer of the substrate, where electrons experience an asymmetric potential. In the remaining region, however, the potential is symmetric and almost identical at each layer. This implies that the local asymmetric potential induces localized Rashba states only in the top Au + InSe layer.
To confirm this, in Fig. 3(b-e) we show the local charge distribution for the Rashba states 1-4 as labeled in Fig. 2(b) , at each atomic plane from the topmost Au to the bottommost Se plane. The red dashed boxes show that the charge of each state is mostly distributed in the top five atomic planes, beyond which it is negligibly small.
Microscopically, tight-binding Hamiltonian was adopted to understand Rashba spin splitting in simple systems such as graphene 32, 33 and Au(111) 34, 35 , where the effect of asymmetric potential is included by adding nonzero inter-site and intra-site hopping matrix elements between orbitals, which otherwise have zero hopping matrix elements. In order to have nonzero intra-site hopping matrix elements under asymmetric potential along the z direction, the Rashba wavefunction must contain orbitals with opposite parities such as s/p z and p z /d z2 at heavy atoms (See Fig. S5 and Table S1 for the analysis of intra-site s/p z hybridization leading to Rashba splitting). This is confirmed in Fig. 3 Overall, the iso-arc is isotropic for the inner circle with smaller k-vector, but gains some anisotropy of hexagonal shape for the outer circle with larger k-vector. The z-component of the spin polarization is about ten times smaller than the x-and y-components, and the xy-plane spin polarization is nearly perpendicular to the k-vector. This spin polarization texture is very similar to that in 2D Rashba SOC free-electron gas, which has only in-plane spin components 36 . Because the spin polarization texture represents the effective distribution of k-dependent magnetic field generated by SOC 37 , under perfect 2D Rashba SOC as in 2D Rashba SOC free-electron gas, the spin of an initially spin-up polarized electron shows sinusoidal oscillation over its travel length 38 .
We thus expect that Au/InSe(0001) should possess similar spin oscillation effect. We fit our Fig. 5(a) . The left lead is spin-up ferromagnetic and the right lead is aligned with the left lead in either parallel or antiparallel configuration 41 . We assume no SOC in the lead regions by artificially setting the spin-flip elements in the Hamiltonian matrix to zero, and the channel region has the SOC as described by the full effective Hamiltonian. Fig. 5(b) shows the band structure of the nanoribbon representing the channel region.
The spin-dependent electron ballistic conductance G(E F ) of the device is calculated with nonequilibrium Green'ss function (NEGF) method in Landauer-Büttiker formalism 41 :
where Γ is the interface coupling matrix between the lead and the channel and is related to the plus the spin almost degenerated bands when E F = E 2 .
In Fig. 5 (c), G ↑↑ (E F = E 1 ) and G ↑↓ (E F = E 1 ) are plotted for the spin-up and spin-down conductances at the right lead, respectively, as a function of channel length (L). They both exhibit nearly perfect sinusoidal oscillation with periodicity of ~ 90a (~ 360 Å). This oscillation periodicity from the nanoribbon configuration is ~ 3.6 times as large as that estimated from the 2D configuration. We confirm this increased oscillation periodicity by again fitting the nanoribbon band structure around Γ to the free-electron Rashba band dispersion. We find that the Rashba parameter α is reduced to 0.25 eVÅ and the effective mass m is reduced to be about half of that for 2D configuration. Therefore the oscillation periodicity 2L so is increased by 3.6 times, which is consistent with the increase from the conductance calculation. We notice that previously when estimating the Rashba parameter α in 2D structure, we only include the Rashba split bands around Γ, but neglect the almost spin degenerated bands at the same energy range around Μ.
However, when in 1D nanoribbon structure, the bands around M in 2D structure could be folded to around Γ and hence result in the modified Rashba band dispersion and the decrease of α and m. In addition, we purposely shift E F to E 2 and show G ↑↑ (E F = E 2 ) and G ↑↓ (E F = E 2 ) in Fig. 5(d) .
They exhibit strong oscillation but with smaller periodicity of ~ 50a (~ 200 Å) compared to that when E F = E 1 . It is different that the oscillation does not follow well a sinusoidal curve. Noticing that Rashba bands R 2 have a larger Rashba parameter α of 0.45 eV Å than R 1 , and the interband interference between R 1 and R 2 should also appear when E F crosses both of them, the overall oscillation therefore becomes less regular and has smaller periodicity.
Lastly, we point out that the compressive strain on the substrate, which is critical for In (a) we see that Rashba parameter α decreases with increasing substrate lattice constant. When the substrate lattice constant increases, the effective in-plane Au nearest-neighbor s-s spin-flip hopping is expected to decrease, and hence results in decreasing Rashba parameter. In (b) we observe that before the overlap between the Rashba surface bands and the substrate bands happens, the bandwidths show slight decrease with increasing substrate lattice constant. When these two groups of bands get very close, the bandwidths show increase probably due to stronger interaction between Au overlayer and substrate in the perpendicular direction. Overall the change of band dispersion and bandwidth under strain is not significant. (2000)). To better see the two effective spin-flip hopping processes, we sketch them for gated graphene in Figure S5 (a) and Au(111) in Figure S5 (b) below: Table S1 . Matrix elements of atomic SOC Hamiltonian H = L·S in atomic basis of s, p x , p y and p z . It is obvious that spin flip can only occur between p x and p z , or between p y and p z .
II: Discussion of Rashba splitting in tight-binding picture
As shown in Fig. 3 f-i of our maintext, the four tested Rashba states have large amount of Au sorbital character and s-orbital alone cannot give rise to spin-orbit coupling. However, they also contain small amount of Au p z , p xy orbital characters, which is likely to be responsible for the appearance of SOC in Au/InSe(0001). Furthermore, notice that in tight-binding picture, Rashba effect effectively represents intersite spin-flip hopping in presence of a perpendicular potential asymmetry and SOC, so the SOC couplings between p z , p x and between p z and p y have to be included, which are the only mechanisms of flipping spin (see the matrix elements of atomic SOC Hamiltonian H = L·S in the table I above).
We additionally provide the atomistic mechanism in Figure S5 (c) below to illustrate the electron hopping processes involved to flip spin in Au/InSe(0001). Effectively they lead to electron hopping from spin-up s state to spin-down s state at a nearest-neighbor site, which is the very reason for strong Rashba splitting, The last process is onsite hopping from Au p z orbital to s orbital, which can only be possible under a finite perpendicular electric field and is quantified by nonzero matrix element z sp =<s|z| p z >. 
